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1. Introduction

1.1 Hazardous substances in the marine environment 
Marine environments, particularly coastal areas worldwide, are heavily influenced by 
chemical pollution from anthropogenic activities (Bashir et al., 2020). In turn, pollution 
affects individual organisms, biological communities, and the functioning of entire 
ecosystems (Sumpter, 2009; Mearns et al., 2013; Johnston et al., 2015; Rocha et al., 
2016). Hazardous substances can be highly toxic to aquatic organisms and cause 
adverse effects even in low concentrations (Antizar-Ladislao, 2008; Sunday et al., 2012; 
Santhosh et al., 2024). The detrimental effects of hazardous substances may be magnified 
by the synergistic effects of different chemicals as well as by bioaccumulation in aquatic 
organisms (Knutzen, 1995; Marston et al., 2001). 

Global surveys of multiple potentially hazardous substances have revealed their 
presence and spread in marine environments worldwide (Stemmler and Lammel, 2009; 
Wang et al., 2011; Staniszewska et al., 2013; Castiglioni et al., 2015; Langston et al., 
2015). Some of the most well-studied groups of hazardous substances that are widely 
distributed in marine environments include heavy metals, polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), dioxins, per- and polyfluoroalkyl 
substances (PFAS), polybrominated diphenyl ethers (PBDEs), polychlorinated 
dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), butyltins (BTs), and pharmaceuticals 
(Chaudry and Zwolsman, 2008; Di Leonardo et al., 2009; Fattore et al., 2018; Wang et al., 
2019; Yamazaki et al., 2019; Zandaryaa and Frank-Kamenetsky, 2021; Yu et al., 2023). 
Although some hazardous substances have already been banned, such as persistent 
organic pollutants, e.g. tributyltin (TBT), or their release to the environment has 
significantly decreased, for example, air-transported heavy metals such as cadmium 
(Cd) or mercury (Hg), the high concentrations of legacy contaminants still influence the 
health of the marine environment (Löf et al., 2016a; HELCOM, 2018a). 

In the case of legacy contaminants, the continuous negative impact stems from 
their slow degradation in the environment. Thus, this pool of contaminants exerts 
pressure on biota and habitats, including influence on genetic diversity, functional 
processes, biomass production, and the health and survival of higher trophic levels 
through biomagnification (Strand and Asmund, 2003; Viglino, et al., 2004; Cornelissen 
et al., 2008; Tansel et al., 2011; Li et al., 2021). In recent years, there has also been a 
remarkable shift in moving from the concept of high concentrations of a few 
contaminants in the marine environment to the understanding that in addition to 
these, there are many different pollutants that occur simultaneously and often in low 
concentrations (Rhind, 2009; Escher et al., 2020). With increasing knowledge of the 
toxic effects of this chemical “cocktail”, it has become apparent that the reliability of 
environmental assessments based on measurements of a relatively small number of 
selected substances may not be enough to understand the influence of various 
hazardous substances on marine biota and the functioning of ecosystems.  

The main pathways of hazardous substances from highly industrialized and densely 
populated areas to the Baltic Sea are dominated by atmospheric deposition and 
riverine input (Pohl et al., 2006; Senze et al., 2015; Remeikaitė-Nikienė et al., 2018). 
The Baltic Sea is especially vulnerable to chemical pollution due to its limited water 
exchange and large catchment area (Schneider et al., 2000; Jędruch et al., 2017; 
HELCOM, 2021a). In recent decades, marine traffic, plus the expansion of existing, and 
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development of new harbours has intensified, further increasing the risk of 
contamination (HELCOM, 2018b). For example, the high-intensity oil tanker traffic on 
the Baltic Sea has amplified pollution-associated issues such as waste disposal, 
accumulation of chemical compounds in sediments, and atmospheric deposition of 
toxic substances (Panov et al., 2002; HELCOM, 2018b). There are also other sources of 
concern, for example, renewable energy development, aquaculture, and dumped 
munitions, all of which may pose new pressures for the Baltic Sea ecosystem.  

Based on the current knowledge, the hazardous substances causing the main 
threats to the Baltic Sea are Cu, Pb, Cd, Hg, TBT, PBDEs, and PAHs (HELCOM, 2023a). 
In general, these substances occur due to human activities, such as mining, use of 
synthetic pesticides, combustion of fossil fuels, waste incineration, production of 
different materials, pulp bleaching, and oil spills (Nor, 1987; Baumard et al., 1998; 
Martínez and Motto, 2000; Nour, 2019). Also, the Cu- or TBT-based antifouling paints 
on leisure boats and commercial ships are potential sources of those substances 
(Omae, 2003; Lagerström et al., 2017; Johansson et al., 2020). 

1.2 Legislation related to the reduction of the negative impacts of 
hazardous substances on the Baltic Sea 
A range of different policy or legislative initiatives are relevant for managing and 
monitoring the input of hazardous substances into the marine environment. Some of 
those being national, regional, some European, and some global in their perspective – 
though often these are also interlinked. These policies or legislation also differ in the 
level of legal enforcement and their specific focus area. At the regional level, 
the HELCOM Baltic Sea Action Plan (BSAP), updated in 2021, provides a vision for the 
Baltic Sea: “a healthy Baltic Sea environment with diverse biological components 
functioning in balance, resulting in a good ecological status and supporting a wide 
range of sustainable economic and social activities”. As one of the core segments 
hazardous substances and marine litter are also addressed, with the goal of a “Baltic 
Sea unaffected by hazardous substances and litter”. These segments are also supported 
by a range of ecological and management objectives as well as a number of more 
specific actions. At the global level, the United Nations Sustainable Development Goals 
and the Kunming-Montreal Global Biodiversity Framework are also significant players. 
These focus on the aims to “prevent and significantly reduce marine pollution of all 
kinds (Target 14.1)” and “reduce pollution to levels that are not harmful to biodiversity 
(Target 7)”, respectively. Other relevant policy tools also support these broad aims, 
for example: the International Convention for the Prevention of Pollution from Ships 
(MARPOL) under the International Maritime Organisation (IMO), the Stockholm 
Convention, and the Minamata Convention. 

In the European Union, several relevant regulatory and legislative tools exist.  
For example, the Water Framework Directive (WFD, European Commission 2000/60/EC, 
2000), the Habitats Directive (European Commission 92/43/EEC, 1992), the EU Chemical 
Strategy (European Commission, 2020), the Urban Wastewater Directive, the European 
Green Deal, and the Registration, Evaluation, Authorisation and Restriction of 
Chemicals regulation (REACH (EC) 1907/2006) are all relevant. However, the Marine 
Strategy Framework Directive (MSFD) acts as a major driver of marine management 
activities, including in the Baltic Sea region. This forms the basis for jointly coordinated 
protection and monitoring of the marine environment with the main aim of establishing 
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and maintaining good environmental status (GES; European Commission, 2008). The 
assessment of the marine environmental status is based on the descriptors listed in 
Annex I of the MSFD (European Commission 2008/56/EC, 2008), with further detailing 
of these in the Commission Decision (EU) 2017/848. One of the eleven descriptors, 
Descriptor 8 (D8), addresses the environmental pollution load with the broad aim of 
ensuring "concentrations of contaminants are at levels not giving rise to pollution 
effects” (Commission Decision (EU) 2017/848). In the Baltic Sea region, 
the Helsinki Commission (HELCOM) acts as a platform to support the Contracting Parties 
that are also EU Member States towards a coordinated implementation of the MSFD. 

For evaluating the environmental status of the Baltic Sea based on the D8, threshold 
values (Table S1) for selected individual substances from different groups of 
contaminants (e.g., heavy metals, PAHs, PCBs, perfluorooctane sulphonate (PFOS), 
hexabromocyclododecane (HBCDD), polybrominated diphenyl ethers (PBDEs), BTs, 
pharmaceuticals, and radioactive substances) have been established through regional 
agreement, based on their toxic effect on aquatic biota (HELCOM, 2021b). Single 
substances are also included in the HELCOM indicator list mainly as core indicators and 
are used to evaluate the Baltic Sea’s environmental status in holistic assessments1. 
Presently, indicators related to D8 Criteria 1 (D8C1) and designed with the concentration 
threshold values for selected contaminants in different matrices (water, sediment, and 
biota) are used as the main factor for the holistic assessment of the Baltic Sea’s 
environmental status, these individual components being integrated into an overall 
summary (Fig. 1). At the same time, the biological effects caused by hazardous 
substances are only investigated based on a few indicators (HELCOM, 2010; 2018c; 
2023a). Though, under MSFD D8, the assessment of biological effects caused by 
contaminants is defined in Criteria 2 (D8C2): preserving the health of the species and 
the condition of the habitats, with the assessment proposed to be based on factors 
such as community composition and species relative abundance. 

1 HELCOM Indicators: https://indicators.helcom.fi/ [accessed 13.05.2024] 
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Figure 1. Integrated Contamination Statement Assessment of the Baltic Sea. The red and green 
colours indicate the status of the Baltic Sea. The small map excerpt indicates the associated 
confidence in the assessment (per assessment unit) based on the underlying evaluation and data 
quality – darker shades representing higher confidence. The figure is adapted from the HELCOM 
HOLAS 3 assessment (2023). 

1.3 Biological effect indicators 
Biological effect indicators facilitate quantification of the effect of contaminants on biota 
(Lam and Gray, 2003; Martín-Díaz et al., 2004). The influence of pollutants can be 
detected across different levels of biological organization, with measurable responses 
in animal biochemistry, physiology, reproduction, and behaviour (Sundelin et al., 2000; 
Lang and Wosniok, 2008; Gorokhova et al., 2010; 2020; Turja et al., 2014; Pérez and 
Hoang, 2017; Podlesińska and Dąbrowska, 2019; Berezina et al., 2022). 

The establishment of quantifiable relationships between the pressures 
(contaminants and their mixtures) and biological effects is necessary for designing, 
selecting, and assessing environmental quality under D8C2, as well as for integrating 
the chemical and biological methods as indicators in the assessment (Queirós et al., 
2016; Lyons et al., 2017). However, for the successful integration of biological effect 
methods, all confounding factors ideally have to be identified and accounted for, 
as much as possible, to guarantee that the threshold values and assessment criteria 
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selected are ecologically meaningful (Gorokhova et al., 2010; Strode et al., 2023). 
Several environmental factors, such as sediment grain size, temperature, oxygenation, 
and total organic carbon content (TOC), are known drivers of the distribution and 
bioavailability of organic contaminants and metals in sediments (Tanner et al., 1993; 
Li et al., 2022). Thus, those variables need to be assessed for their potential contribution 
to the indicator variability in the specific region. Knowledge of the biological variability 
of the indicator species is also important to account for the potential differences 
resulting from the fluctuations in water temperature, dissolved oxygen concentrations, 
salinity, photoperiod, and food availability (Leiniö and Lehtonen, 2005; Barda et al., 
2014; Braghirolli et al., 2016). Furthermore, the annual physiological cycle of organisms, 
such as reproductive status, may also cause variability in the indicator (Sheehan and 
Power, 1999; Braghirolli et al., 2016; Benito et al., 2019).  

In the HELCOM framework, the main indicator development stages are candidate, 
pre-core, and core (HELCOM, 2020). These categories represent differing levels of 
development for a single indicator. Candidate and pre-core indicators are in preliminary 
stages and lack some components, or there is not yet a full agreement on their use 
among the Contracting Parties. For an indicator to be a HELCOM core indicator, 
all the Contracting Parties of the Helsinki Convention have to adopt the proposed 
indicator. For core indicators, monitoring is conducted and scientific evaluation is 
carried out against a well-defined, quantitative, and regionally approved threshold 
value(s) or environmental target(s) (HELCOM, 2020).  

Supplementary indicators are similar to core indicators. However, they are only 
used by a few of the Contracting Parties in HELCOM, for example, due to the 
differences in the spatial coverage of species or pressure related to the proposed 
indicator, or for example where a lack of national monitoring may prevent application 
in some countries. Such supporting indicators provide more localized state or pressure 
evaluations or offer significant insights into relevant factors for interpreting other 
indicators and assessments, for example, characterizing important drivers, environmental 
factors, or actions across the Baltic Sea region (HELCOM, 2020).  

The HELCOM indicator list currently contains three core indicators and one 
supplementary indicator related to the biological effects1. These provide information 
on contaminant exposure and its influence on biota. Although several pre-core 
indicators have been proposed earlier, there is a somewhat limited harmonised 
application of common indicators across the Baltic Sea region and several are not used 
by all the countries (Table 1). Based on this, the biological effects, as a stand-alone 
topic, especially focussing on single regionally agreed and regionally applied indicators, 
are not fully covered in HELCOM assessments, although some relevant components are 
evaluated based on the existing indicators (HELCOM, 2023a). Specific criteria have to be 
fulfilled for core indicator establishment, with data availability and approved threshold 
values being two critical components, as well as continuous input from national 
monitoring to support regular evaluations (HELCOM, 2020). 

From the current HELCOM indicators1, the indicator “White-tailed sea eagle 
productivity” is monitored in most of the countries surrounding the Baltic Sea that are 
part of the European Union (Table 1). However, the indicator is applicable for the 
assessment units close to the coast and does not reflect the effect on truly marine 
organisms. In addition, recent studies reveal that the main threats for the white-tailed 
eagle are mainly related to lead poisoning from ammunition while feeding on carcasses 
and also human-related accidents (Isomursu et al., 2018). The influence of contaminants 
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on marine organisms is partially covered by the indicator “PAH metabolites in fish bile.” 
It reflects the level of exposure during the last few days before sampling, varying to 
some degree depending on the feeding activity of the fish1. This indicator, or 
sub-component of an indicator, is somewhat limited in its spatial application with only 
two countries collecting samples. Another indicator, “Imposex” evaluates the influence 
of elevated TBT concentrations on marine gastropods. However, this indicator is mainly 
utilized in the southern Baltic Sea (Table 1). At the same time, the “ReproIND” indicator 
(Reproductive disorders: malformed embryos of amphipods) is mainly applied in the 
northern subbasins (Table 1). The current situation allows for further improvement, 
for example, all of the mentioned indicators would benefit from longer time series data 
and increased spatial monitoring. However, one approach that can overcome the 
sub-regional differences in the application of individual indicators or variation in species 
distributions is to apply an integrated assessment, including different biological effect 
methods. A pilot study of such an approach was tested in the HOLAS 3 thematic 
assessment of hazardous substances, though it needs further development to include 
several aspects relevant to the marine environment assessment. 
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Table 1. Biological effects monitored, their status as indicators, and use in different countries around the Baltic Sea. Modified from HELCOM (2020).  

Biological effect 
Current  

status of the 
indicator 

SE LV DE LT DK PL EE FI 

(TBT and) imposex Core Regular 
monitoring 

Project No No Regular 
monitoring 

Pilot No No 

(PAHs and) their 
metabolites 

Core No No Regular 
monitoring 

No No Regular 
monitoring 

No No 

White-tailed sea 
eagle productivity 

Core Regular 
monitoring 

Regular 
monitoring 

Regular 
monitoring 

No Project Regular 
monitoring 

Regular 
monitoring 

Regular 
monitoring 

Reproductive 
disorders: 
Malformed 
amphipod embryos 

Supplementary Regular 
monitoring 

Project No No Pilot No Project No 

Acetylcholinesterase 
inhibition (AchE) 

Pre-core  Regular 
monitoring 

Project No No No No Project No 

Estrogenic-like 
chemicals and 
effects 

Pre-core  Regular 
monitoring 

No No No No No No No 

Lysosomal 
membrane stability 

Pre-core Pilot No No No Regular 
monitoring 

No No Regular 
monitoring 

Fish disease index Pre-core Regular 
monitoring 

No Regular 
monitoring 

No No Project No No 

Micronucleus test Pre-core Pilot No Regular 
monitoring 

No No Regular 
monitoring 

No Project 

Ethoxyresorufin-O-
deethylase activity 
(EROD) 

Candidate Regular 
monitoring 

No No No Regular 
monitoring 

No No Project 
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1.3.1 Biological effect supplementary indicator “ReproIND” 
One of the few biological effect indicators used for assessing the influence of 
contaminant impacts in situ is the Reproductive disorders: malformed embryos of 
amphipods (ReproIND) (HELCOM, 2023a; b). The indicator consists of two parameters: 
the proportion of aberrant embryos (%AbEmb) and the proportion of females with 
more than one aberrant embryo in their brood pouch (%Fem>1). When either of these 
parameters exceeds the established threshold, a good environmental status is not 
achieved. The indicator has been developed for two amphipod species, Monoporeia 
affinis Lindström, 1855 and Pontoporeia femorata Krøyer, 1842. However, it can also be 
applied to other amphipod species with similar reproductive history (Sundelin et al., 
2008b; HELCOM, 2023d). Amphipods are regarded as well-suitable organisms for 
bioindication as they are widespread over different salinity and habitat ranges 
(Whiteley et al., 2011), and respond to various environmental contaminants (Turja et al., 
2020). Different amphipod species have been widely used in sediment bioassay tests 
(Podlesińska and Dąbrowska, 2019). They are also ecologically relevant as they form an 
essential food source for many fish and other invertebrate species, which makes them 
suitable for ecotoxicological and food web-related studies (Podlesińska and Dąbrowska, 
2019). In the Baltic Sea, the amphipod M. affinis is an ecological keystone species of the 
soft-bottom macrozoobenthic communities and, thus, a relevant bioindicator organism 
to monitor when evaluating anthropogenic influences (Sundelin and Eriksson, 1998; 
Lehtonen, 2004; Gorokhova et al., 2010; 2020).  

The indicator offers insights into female exposure over an extended period of up to 
two years, encompassing growth, maturation, and oogenesis (Löf et al., 2016a). Several 
laboratory studies have reported the increased frequency of aberrant embryos in 
amphipods after contaminant exposure (Eriksson, et al., 1996; Sundelin et al., 2008a; 
Berezina et al., 2019, 2022). However, demonstrating the linkage between pollution 
and biological effects in the field is more challenging due to the simultaneous influence 
of several factors (McCarty and Mackay, 1993; Martín-Díaz et al., 2004). In the Baltic 
Sea, a higher frequency of aberrant embryos has been found in contaminated sites or 
the vicinity of contamination point sources compared to reference sites (Sundelin and 
Eriksson, 1998; Reutgard et al., 2014). In the M. affinis population, the frequency of 
females with aberrant embryos has demonstrated a positive correlation with elevated 
concentrations of Cd, PCBs, and PAHs in sediments (Löf et al., 2016a). However, the field 
evidence linking amphipod embryo aberrations to contaminants has been limited to 
sub-regional or local studies, with a restricted range of environmental factors and 
contaminant distribution considered (Reutgard et al., 2014; Berezina et al., 2016; Löf 
et al., 2016a; Strode et al., 2017). To effectively apply ReproIND in the environmental 
assessment of different Baltic subbasins, obtaining a broader geographical coverage of 
embryo aberration occurrence across diverse environmental settings is crucial.  

Currently, the indicator has been utilized in the framework of the Swedish National 
Marine Monitoring Programme since 1994 for the assessment of the contaminant 
effects in Swedish coastal waters, the Bothnian Sea (BoS), The Quark, the Northern 
Baltic Proper (NBP), and the Western Gotland Basin (WGB; HELCOM, 2023d). Until 
the third HELCOM holistic assessment of the Baltic Sea (HOLAS 3, 2023), ReproIND had 
not been officially applied in the Gulf of Finland (GoF) and the Gulf of Riga (GoR). 
In Estonia, this indicator was first implemented in the GoF in 2016 using M. affinis. 
Later, the implementation was expanded to the GoR, and other amphipod species were 
also included.  
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1.4 Current gaps in knowledge on the distribution of contaminants and 
application of biological indicators 
Environmental health assessments based on the concentrations and distribution of a 
small number of selected priority compounds provide only a portion of the information 
needed to understand the impact of hazardous substances on different organisms, 
their bioavailability, and the cumulative influence of hazardous substances on marine 
ecosystems. The focus on a small number of priority substances that are heavily 
monitored is important to understand the current situation and facilitate monitoring of 
inputs of contaminants to the marine environment. However, this approach is also 
being questioned as a stand-alone solution. This is due to increasing cumulative 
pressure from existing and emerging contaminants, present in the marine environment. 
This has led to the exploration of methodologies such as wide-scope screening and 
biological effects to help comprehend the issue. Additionally, to ensure compliance 
with D8 of the MSFD, there is a need for further development for monitoring biological 
effects. There is an urgent need to change the current strategy relying only on setting 
environmental quality standards and threshold values for single substances. There is 
accumulating scientific evidence that the pool of substances in the marine environment 
greatly exceeds the current list of priority substances and that contaminant mixtures 
often exceed the impact of a single substance, even in cases where substances 
individually appear to be at relatively low concentrations. While there is a need to 
improve the available data on the existing indicators, especially increasing the length of 
existing time series, further development of integrated approaches can bring together 
multiple individual methodologies into an overall assessment. This also contributes to 
approaches to link or compare the effects-based assessment outcomes with knowledge 
of in situ concentrations (i.e., a direct reflection of the pressure on biota).  

1.5 Aims of the study 
The aim of this PhD study was to aid the development of biological effect indicators to 
assess the impact of contaminants in situ and thus have a better understanding of the 
influence of contaminants on the organisms in the Baltic Sea. 
This was achieved by: 

• Generating an overview of the existing pressure by assessing the concentrations
of contaminants in the different basins of the Baltic Sea (Paper I, II);

• Mapping the relationships between embryo aberrations in M. affinis and
hazardous substances across several subbasins in the Baltic Sea and
determining the potential effects of ecologically relevant confounding factors
on the contaminant distribution and the identified reproductive responses in
amphipods (Paper II);

• Validating the ReproIND indicator based on field data and expansion of its
operationalization in the Baltic Sea (Paper II);

• Investigating seasonal variation in selected biochemical biomarkers and applying
those for assessing amphipod communities in the Gulf of Riga (Paper III).
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2. Material and methods

2.1 Sampling 
Sampling was carried out in four subbasins of the Baltic Sea: the Bothnian Sea (BoS), 
the Western Gotland Basin (WGB), and the Gulfs of Finland (GoF) and Riga (GoR) during 
the period 2016–2021 (Fig. 2). The sediment samples used for analysing contaminants, 
total organic carbon (TOC), and grain size were collected from areas with different 
contamination levels. Those included relatively unpolluted regions (i.e., without known 
point sources) and sites close to intensive anthropogenic activities, e.g., next to ports, 
wastewater treatment plants, or sites with historical contamination from pulp or paper 
mills (Papers I, II). 

Figure 2. Sampling sites for Papers I-III. Filled red circles indicate stations investigated in Paper I; 
blue squares sites sampled in Paper II; green triangles in Paper III. Purple triangles indicate sites 
used in Paper I and Paper II; the green and purple triangles represent a station used in Paper II 
and Paper III.  

Amphipod samples for investigating embryo aberrations and biochemical biomarker 
analysis were collected with a bottom sled (Blomqvist and Lundgren, 1996) or with van 
Veen sediment grab (sample area of 0.1 m2). Gravid M. affinis females for embryo 
aberration analysis were collected from 25 sites in four investigated subbasins from 
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December to March (Fig. 2). For biomarker analyses, M. affinis individuals were collected 
in August and November 2020 and 2021 during a cruise with R/V “Salme” (Fig. 2). 
Collected amphipods were immediately frozen in liquid nitrogen and later placed in a 
−80 °C freezer until biomarker analyses. Environmental parameters (e.g. dissolved
oxygen, temperature, salinity) were also measured from a near-bottom layer.

2.2 Chemical and biological analyses 
Chemical analyses from the collected sediments included heavy metals (arsenic (As), 
lead (Pb), cadmium (Cd), copper (Cu), nickel (Ni), mercury (Hg), zinc (Zn); mg kg-1DW), 
polycyclic aromatic hydrocarbons (PAHs; ng g-1DW), polychlorinated biphenyls (PCBs; 
ng g-1DW), and bityltins (BTs; incl. tributyltin (TBT), dibutytin (DBT), and monobutyltin 
(MBT); ng g-1DW). Sediment grain size (%) and total organic carbon (TOC, %) were also 
analysed. Analyses related to sediments were ordered from laboratories in Estonia, 
Russia, Latvia, Germany, and Sweden (Papers I, II).  

Embryo analysis was conducted using a stereomicroscope following the methodology 
of Sundelin et al. (2008a). The number of analysed gravid females was recorded for 
each sampling site. In each female, fecundity (eggs per female), embryo development 
stage (from 1 to 9; Stage), and embryo aberrations following the classification by Löf et al. 
(2016a) were recorded (Paper II). 

For analysing biomarkers (Paper III), whole bodies of five amphipods were pooled 
for each of the 12 replicate biomarker samples per station and homogenized for the 
measurements of enzyme activities of acetylcholinesterase (AChE; Ellman et al., 1961), 
catalase (CAT; Claiborne, 1985), glutathione S-transferase (GST; Habig et al., 1974), and 
glutathione reductase (GR; Smith et al., 1988). The total amount of protein in the 
homogenate of each sample was determined with the Bradford assay using bovine 
serum albumin as the standard (Bradford, 1976).  

2.3 Statistical analyses 
In Paper I, the concentrations of some chemicals (anthracene, ANT, and TBT) were 
normalized to 5% TOC to facilitate comparison between sediments from different 
stations. In Paper II, log-transformed and normalized environmental and contaminant 
data were used for correlation and regression analyses and the resemblance matrices 
in the multivariate analysis. 

Where relevant, the numerical variables were assessed for normality using the 
Shapiro-Wilk test (Papers II, III). Differences in sediment grain size (clay, sand, silt), TOC 
concentrations, and other environmental parameters (oxygen, salinity, and temperature) 
across the subbasins were evaluated using Kruskal-Wallis tests in R (R Core Team 2024; 
Paper II). In Paper III, a Kruskal–Wallis test, in combination with a Wilcoxon rank sum 
test, was used to compare seasonal and annual variability in medians of enzyme 
activities within and between the stations. In Paper II, the reproductive aberrations 
were analysed as frequencies (proportions), and the differences across the basins were 
evaluated using Fisher’s exact test. In all studies (Papers I–III) the statistical significance 
level was set to p < 0.05. 

In Paper II, multivariate ordination was applied to cluster the sampling sites 
based on their contaminant profiles and discover the environmental variables 
associated with contaminants. The missing data for contaminants was replaced using 
the maximum expectation likelihood algorithm with 1000 permutations implemented 
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in Primer 7 v.7.0.21 (Anderson, 2017). FreeViz software was used for visualizing 
environmental, contaminant, and biological data (Demšar et al., 2007). A hierarchical 
cluster analysis was used to find the groups of sites that shared a similar composition 
and concentrations of contaminants. The classification was based on the Euclidean 
distance for similarity measures between sampling sites. Ward's method was used to 
establish links between the sites to improve the classification (Güler et al., 2002). After 
the clusters were identified, a comparison of reproductive aberration frequencies 
across these clusters was conducted using an unpaired t-test following Box-Cox 
transformation of the frequency data to stabilize variances.  

Distance-based linear modelling was applied to evaluate the relative importance of 
environmental factors (sediment texture, temperature, oxygen, and TOC) in shaping 
the distribution of contaminants (concentrations and indices) as well as the influence of 
environmental factors and pollutants in explaining the observed reproductive responses 
in amphipods (Paper II). For this, subsets of variables were established using forward 
selection based on the multivariate analog to the small-sample-size corrected version 
of the Akaike Information Criterion corrected for small sample size (AICc). Relationships 
between environmental parameters and reproductive attributes were initially examined 
by analysing each predictor separately (marginal tests). Then, partial regressions were 
used to characterize the relationships accounting for the effect of the remaining 
variables by sequential tests with stepwise selection procedures and AICc as the selection 
criterion. The models were visualized using a distance-based Redundancy Analysis plot 
(dbRDA).  

In Paper III, correlations between enzymatic biomarker levels and physicochemical 
variables were examined by using Spearman’s rank correlation and visualized as a 
correlation matrix using the “corrplot” package (Wei and Simko, 2021) in R (R Core 
Team, 2024).  
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3. Results and discussion

3.1 Contaminants in the Baltic Sea 
In general, the regulations banning the use of several hazardous substances and 
reducing chemical pollution have led to positive changes such as a decrease in the 
atmospheric and, to a lesser degree, in waterborne inputs of some metals and organic 
pollutants to the Baltic Sea (HELCOM, 2021c). However, the long-term reduction or at 
least stable situation in hazardous substances (three types of metals) has only been 
observed in a few countries, such as Germany, Finland, and Sweden, as those countries 
have the longest time series data available (HELCOM, 2021c).  

Among other factors, long water exchange rates between the Baltic Sea and the 
North Sea enhance the entrapment of contaminants in the sediments (HELCOM, 2021a). 
Hazardous substances accumulate in fine-grained sediments rich in organic matter or that 
contain sulfides and iron-manganese hydroxides. They may be released from the 
sediments due to changing conditions of the seabed, such as changes in pH, dissolved 
oxygen, or temperature (Leivuori et al., 2000; Rigaud et al., 2013; Remeikaitė-Nikienė 
et al., 2018; HELCOM, 2021a). Thus, the different types of legacy contaminants are still 
present and biologically available in concentrations exceeding the established threshold 
values and limits set for the achievement of GES in different subbasins of the Baltic Sea 
(HELCOM, 2023a; Paper I). This is also visible from the results of the integrated 
contamination status assessment in the Baltic Sea region based on 11 core indicators, 
including 14 substances or substance groups and addressing different matrices, which 
showed that in the period 2016-2021, the GES was not achieved (HELCOM, 2023a). 

The sediment samples collected within the framework of this thesis (Papers I, II) 
revealed that the highest contaminant loads were detected in the GoF, WGB, and BoS. 
In contrast, relatively low levels of all contaminants were present in the GoR. 
The elevated contaminant levels were associated with high salinity, low temperature, 
and fine-grained sediments (Fig. 3, Paper II), which has also been reported in previous 
studies (Höglund and Jonsson, 2008; Löf et al., 2016a; Erm, et al., 2021). In the majority 
of stations, the variability was mainly due to differences in the clay content (Fig. 3, 
Paper II). Among different contaminant groups, heavy metals were most widespread in 
all subbasins, whereas extremely high PAH levels were recorded in two stations in the 
BoS (SU57 and SU58). Those extreme values represent legacy contamination by pulp 
and paper mills operating in the area (Höglund and Jonsson, 2008; Apler et al., 2019). 
BTs were common in the Neva Estuary, particularly in the proximity to shipping lanes 
(e.g., sites 3F, 4F, 9F, and 2ug; GoF; Paper II) 

More specifically, among metals, Cd concentrations in sediments exceeded the 
established threshold in 3% of measured sites (Supplementary Materials of Papers I, II). 
All sites with high concentrations of Cd were located in the Neva Estuary (GoF; Paper I, II). 
This result is somewhat inconsistent with the results of the HOLAS 3, where GES was 
achieved only in 29 of the 160 assessment units evaluated, based on Cd measurements 
in seawater, biota, and sediment (HELCOM, 2023c). For Cu (5% TOC normalized), 
concentrations were above the threshold in all investigated subbasins and 71% of the 
investigated sites, with the highest concentrations in BoS and GoF, 737.5 mg/kg DW 
and 525 mg/kg DW, respectively (Papers I, II). Based on previous results on the Cu 
concentrations in the Baltic Sea, GES was achieved only in one unit from the 24 
evaluated (HELCOM, 2023d). It was found that the Pb concentrations (not normalized) 
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were below threshold values in the sediments of all studied sites (Papers I, II). However, 
based on the HOLAS 3 results from three matrices (seawater, biota, sediment), GES was 
achieved only in 28 assessment units out of 159, mainly due to elevated concentrations 
in biota (HELCOM, 2023e).    

In terms of TBT, high concentrations were detected in some of the sampling sites 
(Papers I, II), despite the regulations put in place regarding the use of TBT in most 
European countries more than decades ago (HELCOM, 2021a) and the international ban 
on using harmful organotins in antifouling paints since 2008 by the International Maritime 
Organization (IMO, 2008; Radke et al., 2008; Filipkowska et al., 2014; Remeikaitė-Nikienė 
et al., 2018; Jokšas et al., 2019). TBT (5% TOC normalized) concentrations were above 
the threshold in 40% of investigated sites and exceeded the threshold minimum 
4.5% times (Papers I, II, Figs. 3, 4). In addition, a recent input of TBT was also detected 
(Paper I). The highest content of BTs was found in sediment samples across the GoF, 
especially in the Neva Estuary (Papers I, II, Figs. 3, 4). The HOLAS 3 report revealed that 
the GES was achieved only in one of the 83 assessment units based on the evaluation of 
TBT concentrations in seawater, sediments, and biological effects in marine gastropods 
(imposex) (HELCOM, 2023f). 

Figure 3. dbRDA biplot for DistLM relating chemical load (by contaminant group, metals, PAHs, 
PCBs, and BTs) in sediment as multivariate response variables to environmental predictors: depth, 
temperature, oxygen, TOC, and sediment composition (clay, silt, and sand). The orange ellipse 
indicates stations located in the Neva Estuary (GoF). Modified from Paper II. 
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Figure 4. Distribution of TBT (TOC-normalized) in sediments based on the data from 2019–2020. 
Orange spheres indicate values ranging from 1 to 10 times the HELCOM GES threshold until 
HOLAS 3 (1.6 μg/kg DW), red spheres: values ranging from 10 to 100 times the threshold, and 
large red spheres: values exceeding the threshold more than 100 times. Adapted from Paper I. 

For PAHs, the threshold values are established only for two congeners, anthracene, 
and fluoranthene. For these compounds, the threshold limits were exceeded in 20% 
and 4% of the measured samples (Papers I, II). For example, in the industrial area in 
BoS, concentrations of anthracene and fluoranthene exceeded threshold values 
approximately 940 and 32 times (Papers I, II). The PAHs achieved the threshold value in 
ten of the assessed 15 open sea and 73 of 95 coastal assessment units according to 
HOLAS 3 based on different matrices and compounds. 

Finding genuinely unpolluted areas in the Baltic Sea may be challenging, even in 
areas given protection such as HELCOM Marine Protected Areas or Natura 2000 
(Paper II, Fig. 5). This is in great part due to the potential for ubiquitous spread of 
hazardous substances once they enter marine or aquatic environments. Furthermore, 
it is important to consider the presence of a mixture of hundreds of hazardous 
substances in the natural environment, and evaluation of environmental status based 
on a few contaminants does not provide the complete picture of the actual situation. 
Thus, the current evaluation methods need to be combined with approaches that 
reflect the impact on the status of the biota. It should also be noted that actions to 
reduce concentrations of contaminants need to be continued by including a wider pool 
of substances.  
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Figure 5. Variability of the reproductive aberrations across sampling sites in Paper II grouped 
according to their contaminant load. Adapted from Paper II. 

3.2 Biological effect indicator: ReproIND 
In the samples collected within this thesis, the embryo developmental stage and 
fecundity varied across basins (Paper II). The least developed embryos were present in 
the Neva Estuary, GoF. This is due to natural phenological variability across the 
subbasins and differences in the time of mating (December-January). The highest 
variability for the reproductive variables was detected in GoF, and the lowest in WGB 
(Paper II). Most of the GoF sites were characterized by relatively high levels of both 
%Fem > 1 and %AbEmb. However, a lower proportion of aberrant embryos was recorded 
in the Neva Estuary (Paper II). 

When considering both chemical and non-chemical predictors, reproductive 
aberrations were significantly associated with environmental factors (salinity, 
temperature, TOC, and proportion of clay), PAH concentrations (naphthalene; NAP 
and dibenz(a,h)anthracene; DBAHA), and Pollution Load Index (PLI) as a proxy for 
metals (DistLM; Fig. 6). The environmental factors accounting for the differences 
between the subbasins explained most of the variability in the embryo aberrations, 
whereas individual contaminants explained up to 18 % of the captured variability.  
The aberration frequencies increased with the contaminant concentrations, temperature, 
and salinity and decreased in organic-rich sediments with a high proportion of fine 
(clay and silt) particles. An increase in embryo aberrations at higher temperatures 
aligns with the current knowledge of the ecology of M. affinis (Eriksson, et al., 2002; 
Wiklund and Sundelin, 2004). Furthermore, similar adverse effects of temperature on 
embryo development have been observed in other amphipod species in the region 
(Berezina et al., 2016). 
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Figure 6. Constrained ordination (dbRDA biplot) of the fitted values of the most parsimonious 
DistLM for reproductive aberration frequencies in amphipods (%AbEmb and %Fem > 1) as a 
multivariate response to the predictors identified by the model: contaminants (PCB-180 and Hg) 
and non-chemical environmental factors (temperature, TOC, salinity, and clay). Stage indicates 
the embryo developmental stage, adapted from Paper II. 

The significant increase of aberrations with increased contaminant concentrations 
was associated with metals (PLI, Hg), PAHs (NAP and DBAHA), and PCBs (PCB180). 
The metals (PLI, Hg), PAHs (NAP and DBAHA), and PCBs (PCB180, but also PCB28 and 
PCB118; Table 2 in Paper II) explained most of the variability in the reproductive 
aberrations (% AbEmb, %Fem > 1). These findings corroborate those of Löf et al. 
(2016a) from two localities in the Gulf of Bothnia, where the %AbEmb variability was 
best explained by PCBs (with PCB180 being the primary driver), PAHs (Phenanthrene,  
1-Methylphenanthrene, benzo[ghi]perylene) and Cd. A higher aberration rate near
known pollution sources has been reported as a general tendency in M. affinis and
other amphipod species (Sundelin and Eriksson, 1998; Bach et al., 2010; Reutgard et al.,
2014; Tairova and Strand, 2022). However, as contaminants occur in mixtures and
under heterogeneous conditions, the univariate relationships between specific
pollutants and reproductive responses should not be expected. This further motivates
the development of biological indicators of contaminant exposure and effects that
would be applicable across ecosystems.

From all the sampling sites, aberration frequency was relatively low in the Neva 
Estuary despite very high BT concentrations (Meador et al., 1997), coinciding with high 
TOC levels and clay/silt in the sediments (Fig. 6). High organic carbon content and 
fine-grained sediments have been reported to convey reduced contaminant 
bioavailability (Kreitinger et al., 2007; Baran et al., 2019). As hydrophobic BTs are 
absorbed into organic matter, their bioavailability is reduced (Rüdel, 2003; Cornelissen 
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et al., 2005), leading to limited uptake and bioaccumulation as reported for tributyltin 
in the amphipod Rhepoxynius abronius J.L. Barnard, 1960 inhabiting high-TOC sediments 
(Meador et al., 1993; 1997). Moreover, interspecies variability in bioaccumulation and 
capacity to metabolize contaminants, such as TBT, as well as differences in the depth 
and rate of feeding, have been reported in amphipods (Byrén et al., 2002; Ohji et al., 
2002). Further studies investigating intraspecies variability in M. affinis might explain 
the low embryo aberration rates in the Neva Estuary. The significant contribution of 
contaminants to the embryo aberration variability reported in Paper II supports the 
applicability of the ReproIND indicator in all Baltic Sea areas where M. affinis and 
several other amphipod species are present.  

3.3 Enzymatic biomarkers in amphipods: response to seasonal variation 
To expand the biological effect assessment and include non-reproductive responses, 
ReproIND can be combined with other biomarkers, e.g., antioxidant defense, geno- and 
cytotoxicity (Turja et al., 2020), metabolic activity, oxidative balance, neurotoxicity (Löf 
et al., 2016a;b), and DNA adductome (Gorokhova et al., 2020). However, it is essential 
to recognize the variability in the applied methods under different natural environmental 
conditions such as temperature, dissolved oxygen level, salinity, photoperiod, and food 
availability to facilitate the correct interpretation of biological responses to chemical 
contamination (Leiniö and Lehtonen, 2005; Barda et al., 2014; Braghirolli et al., 2016; 
Benito et al., 2019). Seasonal variability has been recognized as an important factor 
influencing the baseline levels of biochemical biomarkers and the organisms’ 
responsiveness to pollution stress (Verlecar et al., 2008; Jemec et al., 2010; Braghirolli 
et al., 2016).  

In this study (Paper III), seasonal variability was detected in all four analysed 
enzymatic biomarkers. The inhibition of AChE, a key enzyme in the cholinergic nervous 
system, showed less variability between two seasons compared to oxidative stress 
biomarkers CAT and GR and activity of glutathione GST (Fig. 7). In the case of CAT and 
GR, the variability between years was significant only from samples taken during 
November. In the previous studies from the Baltic Sea, significant seasonal differences 
have also been detected in the activity of enzymatic biomarkers in the clam Macoma 
balthica Linnaeus, 1758 from GoR (Barda et al., 2014) and GOF (Leiniö and Lehtonen, 
2005). 

Interestingly, AChE did not exhibit seasonal variability for M. balthica in GoR (Barda 
et al., 2014), whereas it was detected from the individuals collected from GoF and was 
explained by the differences in reproductive stage and main growth period of the 
species (Leiniö and Lehtonen, 2005). Furthermore, the result of the study from GoR 
showed that AChE inhibition could also be less variable compared to oxidative stress 
biomarkers due to seasonality. More multi-basin studies with different invertebrate 
species are needed to confirm this pattern. It could be suggested that oxidative stress 
biomarkers are more driven by changes in environmental variables, and their results 
should be assessed by considering the potential influence of season for each species 
separately. 
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Figure 7. The activity of AChE, CAT, GST, and GR in M. affinis at the coastal stations (20–30 m) in 
the GoR in August and November 2020 and 2021. The red asterisk indicates statistically 
significant (p < 0.05) seasonal differences at the respective stations. Filled circles (black) denote 
outliers. Modified from Paper III. 
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3.4 Ongoing work and future perspectives 
The HELCOM BSAP (HELCOM, 2021b) focuses on the actions toward achieving the GES 
of the Baltic Sea. One of the many actions listed in the BSAP segment “Hazardous 
substances and marine litter” is action HL13. This action aims to develop further 
relevant monitoring for the biological effects of hazardous substances to facilitate a 
reliable ecosystem health assessment by 2028. This necessitates the investigation of a 
more appropriate and ecologically relevant linkage of contaminant concentrations to 
biota and ecosystems. This aspect is also important for the MSFD D8C2. Currently, 
the members of the HELCOM Expert Group on Hazardous Substances have been 
successful in securing project funding to support this action, and pilot studies have 
been recently initiated. The projects include the Interreg-funded BEACON project, 
the Biodiversa+ project Detect2Protect, and the H-BEC project co-financed by the 
NEFCO Baltic Sea Action Plan Fund. These projects will also explore approaches to 
evaluate biological effects and how biological effects can be compared with and 
integrated with status outcomes from contaminant concentrations (HELCOM, 2023a).  

For a long time, ReproIND was applied only by Sweden in a few of the Baltic Sea 
subbasins. By the study included in the thesis (Paper II), the application was confirmed 
for GoF and GoR; however, the indicator is yet to be included in the official monitoring 
programs of more countries. Thanks to the well-established methodology, scientific 
justification from laboratory and field studies, and its applicability to different 
amphipod species, the indicator has a good potential for application in other subbasins 
in the Baltic Sea to assess the effect of contaminants on biota. Denmark has already 
carried out the first steps and applied ReproIND in 2022 for shallow-water amphipods 
(Tairova and Strand, 2022; Tairova, et al., 2024).  

In addition, the indicator could be combined with other biological effect methods 
(biochemical biomarkers, ethoxyresorufin-O-deethylase activity) and integrated into a 
multiapproach system. This approach would help to consider different methods used 
around the Baltic Sea on an equal footing, building them into a harmonised overview 
through careful fine-tuning of the system (e.g., the indicators would need calibrating 
properly to function together). An integrated approach employing several biological 
effects indicators would provide a better understanding of the broad impact of multiple 
mixed effects of contaminants (Turja et al., 2014; Lehtonen et al., 2014; 2016; Berezina 
et al., 2019) and support monitoring and management of environmental contaminants 
at the national, regional, and local scales.  
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Conclusions 
Despite legislative efforts, contaminants in the marine environment are still present at 
levels above agreed threshold limits, and even fresh inputs of toxic substances banned 
decades ago still occur in the Baltic Sea. The data from this study reveals high 
concentrations of different types of hazardous substances in all of the investigated 
subbasins. For example, the concentrations of metals (Cd, Cu), TBT, and PAHs in the 
sediment exceeded the threshold limits regionally agreed through HELCOM. For example, 
high concentrations of TBT were found in GoF, especially in the Neva Estuary, and 
extremely high levels of PAHs were measured in BoS. Concentrations of Cu exceeded 
threshold limits in most studied sites in all subbasins. Our results broadly agree with the 
HOLAS 3 results, which show the failure to achieve GES in the case of hazardous 
substances in the Baltic Sea. For example, despite the worldwide ban on TBT use in 
antifouling paints for all types of boats in 2008, TBT persists as a major environmental 
pressure in the Baltic Sea. 

Current monitoring programs are based mainly on the measurements of the 
concentrations of a small number of individual (or closely related groups) hazardous 
substances, whereas biological responses are given only limited consideration. 
However, the focus on a few substances is not representative of the real situation and 
methodologies to determine the toxicity of contaminants and their impacts on different 
levels of organisms are well established. In situ studies that consider contaminants and 
environmental factors together help to establish threshold values and develop 
scientifically confident monitoring of biological effects. Different biological effect 
methods have been developed and used to investigate the impact on biota as 
indicators for assessing the environmental status of the Baltic Sea. One such example is 
“ReproIND”. It provides information about the proportion of embryo aberrations and 
females carrying more than one aberrant embryo. This helps to estimate the 
reproductive success of amphipods in relation to the level of contamination. This study 
helped confirm the relation of “ReproIND” to sediment contamination and environmental 
factors in situ for four subbasins with an expansion of the indicator to GoF and GoR. 
The frequency of aberrations in the investigated amphipod species, M. affinis, was 
driven by both environmental factors (TOC and silt proportion, temperature, salinity) 
and hazardous substances (PAHs [DBAHA and NAP], PCB180, metals [PLI and Hg]). This 
agrees with previous studies reporting linkages between contaminant exposure and 
embryo aberrations. 

“ReproIND” can be combined with other biological effect methods, such as enzymatic 
biomarkers, that can be measured in the same amphipod species. However, it has been 
found that enzymatic biomarkers demonstrate seasonal variability in dominant 
soft-bottom species (M. affinis, M. balthica) of the Baltic Sea. From the four investigated 
enzymes, AChE in M. affinis showed less seasonal variability. It could be suggested that 
this biomarker is more suitable for use in M. affinis as it is not influenced by seasonality. 
However, more studies are needed to confirm this for other basins. 

This study supports the conclusion that biological effect methods can contribute 
significantly to our understanding of the Baltic Sea ecosystem health and that the 
approaches offer enough generality to be applied as a consortium to generate an 
integrated assessment approach for biological effects. To progress further the indicators 
must fulfill several criteria, such as further work towards agreed-upon threshold values 
and demonstrable links between pressures and effects. These would also need to be 
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backed by more monitoring to maintain time series and expand spatial coverage. In situ 
studies that consider contaminants and environmental factors together support the 
development of scientifically validated monitoring of biological effects and contribute 
to policies directed toward achieving GES. 
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Abstract 

Biological effects indicators: influence of environmental 
parameters and contaminants on amphipods 
Despite the activities aimed at reducing the hazardous substances in the marine 
environment or banning certain substances, hazardous substances remain a significant 
problem. Hazardous substances enter the Baltic Sea mainly through rivers and the 
atmosphere and can persist in the marine environment for decades. They accumulate 
in sediments and pose a long-term threat to marine organisms. Currently, monitoring 
programs primarily use indicators based on determining concentrations of individual 
hazardous substances, but the impact of hazardous substances on biota is poorly 
assessed. One reason is the complexity of establishing quantifiable relationships 
between hazardous substances and biological effects in the environment, where other 
influencing factors are also present. Therefore, it is important to identify which 
environmental parameters and to what extent induce biological effects in marine 
organisms to account for this during the development of an indicator. 

This study aimed to: a) provide an overview of the concentrations of hazardous 
substances in sediments and their variability in different basins of the Baltic Sea (Gulf of 
Finland, Gulf of Riga, Western Gotland Basin, Bothnian Sea) to demonstrate the 
persistence of the problem, b) expand the applicability of the biological effect indicator 
ReproIND (Reproductive disorders: malformed embryos of amphipods) to the Gulfs of 
Finland and Riga, using the amphipod species Monoporeia affinis, and c) investigate the 
use of enzymatic biomarkers to complement the ReproIND indicator. To achieve this, 
data on environmental parameters measured from the near-bottom layer during the 
period 2016–2021 (salinity, temperature, oxygen content), concentrations of hazardous 
substances in sediments, sediment grain size, and organic carbon content was collected 
analysed, along with data on embryo malformations from the four basins of the Baltic 
Sea. Enzymatic biomarker studies were conducted based on the samples originating 
from the Gulf of Riga during two seasons in 2020. 

The concentrations of several hazardous substances in sediments exceeded the 
threshold values set for the Baltic Sea region. For example, copper concentrations 
exceeded the threshold values in all four subbasins and over 70% of the stations. 
Extremely high concentrations of polycyclic aromatic hydrocarbons (PAHs) were found 
from the stations in the Bothnian Sea and butyltins in the Gulf of Finland (the Neva 
Estuary). However, lead concentrations in sediments remained below the threshold 
value in all subbasins. Fresh additions of tributyltin to sediments were also detected, 
despite the ban of its use in anti-fouling paints since 2008. Those results demonstrate 
that the hazardous substances are widely distributed in the Baltic Sea in concentrations 
that pose a threat to marine organisms. 

To assess the effects of hazardous substances on amphipods in the Baltic Sea, the 
ReproIND indicator was used. The indicator is based on the negative influence of 
hazardous substances on the embryos of M. affinis. The indicator consists of two 
parameters: the proportion of aberrant embryos and the proportion of females with at 
least one aberrant embryo in their brood pouch. When either of these parameters 
exceeds the established threshold, a good environmental status is not achieved. 
Recently, in the holistic assessment of the Baltic Sea published in 2023, the indicator 
was only used by Sweden. This allowed the application of the indicator only in a few 
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subbasins of the Baltic Sea. Further confirmation of the associations between 
concentrations of hazardous substances, environmental parameters, and reproductive 
disorders is necessary to develop and expand the indicator to other sub-basins. This 
provides a solid basis for expanding the indicator's applicability to other sub-basins and 
developing threshold values.  

In this study, both hazardous substances and environmental parameters were found 
to contribute to the variability in embryo aberrations. For example, metals, PAHs, and 
polychlorinated biphenyls were positively associated with higher proportions of 
embryo malformations. From the environmental parameters, high temperatures and 
salinity, sandy sediments, and low organic carbon content were associated with a 
higher proportion of embryo aberrations. Those results are consistent with previous 
studies from the Baltic Sea region, confirming the usability of the indicator and 
demonstrating its applicability in the investigated sub-basins.  

The ReproIND indicator can also be supplemented with other biological effect 
methods such as enzymatic biomarkers. Studies conducted in the Baltic Sea region 
show seasonal variability in enzymatic biomarker results among different dominant 
species. However, measurements of acetylcholinesterase (AChE) activity in M. affinis 
showed lower seasonal variability in the Gulf of Riga compared to oxidative stress 
biomarkers: glutathione S-transferase, glutathione reductase, and catalase. Previous 
studies from the same area on a different species, Macoma balthica, have shown 
similar results. Therefore, it can be assumed that AChE activity measurements can be 
applied regardless of the season. However, this needs confirmation by additional 
studies involving in situ measurements to confirm the relationships between enzymatic 
biomarker responses and hazardous substances. In the future, this would serve as a 
basis for developing the indicator and setting threshold values.  

The next step to continue the development of biological effect indicators would be 
a revision of the threshold values calculated for the ReproIND indicator based on  
M. affinis. This would facilitate the assessment of the environmental status of the Gulfs 
of Finland and Riga within HOLAS 4, and the inclusion of the indicator in Estonia and 
Latvia's national marine monitoring programs. Since the indicator can also be based on 
other amphipod species, it is necessary to develop threshold values for amphipods 
living in shallow waters to enable the assessment of the coastal areas. Additionally, it is 
important to continue cooperation at the HELCOM region and on the European level to 
develop biological impact monitoring, encompassing various methods of biological 
impact assessment and complementing existing indicators of hazardous substances. 
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Lühikokkuvõte 

Bioloogilise mõju indikaatorid: keskkonnaparameetrite ja 
ohtlike ainete mõju kirpvähilistele 
Vaatamata tegevustele, mis on seotud ohtlike ainete kontsentratsioonide 
vähendamisega või teatud ainete keelustamisega, on ohtlikud ained merekeskkonnas 
jätkuvalt tähelepanu vajavaks probleemiks. Läänemerre sattuvad ohtlikud ained 
peamiselt jõgede ja atmosfääri kaudu ning võivad meres püsida aastakümneid. Ohtlikud 
ained akumuleeruvad meresetetesse ning nende järk-järgulisel vabanemisel võib mõju 
mereelustikule olla pikaajaline. Merekeskkonna seireprogrammides kasutatakse 
peamiselt üksikute ohtlike ainete kontsentratsioonidel põhinevaid indikaatoreid, kuid 
ohtlikest ainetest tingitud mõju elustikule hinnatakse vähe. Selle üks põhjus seisneb 
keerukuses tuvastada kvantitatiivseid seoseid ohtlike ainete ja bioloogiliste mõjude 
vahel keskkonnas, kus esineb ka teisi mõjutegureid. Seega on oluline välja selgitada 
millised keskkonnaparameetrid ja millisel määral võivad elustikku mõjutada, et seda 
indikaatori arendamisel arvesse võtta.  

Antud töö eesmärkideks olid: a) kaardistada ohtlike ainete sisaldus setetes ja 
tuvastada nende varieeruvus erinevates Läänemere basseinides (Soome ja Liivi 
lahtedes, Gotlandi basseini lääneosas ja Botnia meres), b) laiendada bioloogilise mõju 
indikaatori ReproIND (Paljunemishäired: väärarenenud embrüod kirpvähilistel) 
rakendatavust Soome ja Liivi lahtedele, kasutades kirpvähilise liiki Monoporeia affinis 
ehk tavaline harjaslabalane ja c) uurida ensümaatiliste biomarkerite kasutamise 
võimalust ReproIND indikaatori täiendamiseks. Selleks kasutati perioodil 2016–2021 
põhjalähedastes kihtides mõõdetud keskkonnaparameetrite (soolsus, temperatuur, 
hapniku sisaldus) andmeid, setetest määratud ohtlike ainete kontsentratsioone, setete 
lõimise analüüsi ja orgaanilise süsiniku sisaldust ning embrüote väärarengute andmeid 
neljast Läänemere basseinist. Ensümaatiliste biomarkerite uuringuid viidi läbi kahel 
erineval aastaajal 2020. aastal Liivi lahest kogutud proovide põhjal. 

Mitmete mõõdetud ohtlike ainete kontsentratsioonid setetes ületasid Läänemere 
piirkonnale püstitatud piirväärtusi. Näiteks ületasid vase kontsentratsioonid piirväärtust 
kõigis neljas alambasseinis ja üle 70% jaamades. Ülikõrged polütsükliliste aromaatsete 
süsivesinike (PAHide) kontsentratsioonid mõõdeti Botnia merest pärinevatest setetest 
ja butüültina sisaldused Soome lahest, Neeva suudmealalt. Samas jäid plii 
kontsentratsioonid setetes alla piirväärtuse kõigis alambasseinides. Lisaks tuvastati ka 
jätkuv tributüültina lisandumine setetesse, vaatamata aine kasutamise keelustamisele 
kõikides laevade põhjavärvides alates 2008. aastast. See tähendab, et ohtlikud ained on 
Läänemeres laialt levinud kontsentratsioonides, mis on ohtlikud mereorganismidele.  

Ohtlikest ainetest tingitud mõju hindamiseks kirpvähilistele on Läänemeres 
kasutusel indikaator ReproIND. On leitud, et ohtlike ainete poolt mõjutatud tavalise 
harjaslabalase emaste haudepaunas on rohkem väärarenenud embrüoid. Indikaator 
koosneb kahest parameetrist: väärarenenud embrüote osakaal ja emaste osakaal, mille 
haudepaunas on vähemalt üks arenenud embrüo. Juhul, kui vähemalt üks nendest 
parameetritest ületab püstitatud piirväärtust, ei ole hea keskkonna seisund saavutatud. 
2023. aastal avaldatud Läänemere holistilises hindamise raporti põhjal oli indikaator 
kasutusel vaid Rootsis, mis  võimaldab indikaatorit rakendada vaid üksikutes 
Läänemere alambasseinides. Indikaatori arendamiseks ja selle laiendamiseks teistele 
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alambasseinidele on vajalik seoste kinnitamine ohtlike ainete sisalduste, 
keskkonnaparameetrite ja paljunemishäirete vahel.  

Käesoleva töö käigus leiti, et embrüo väärarengute varieerumist mõjutavad nii 
ohtlikud ained kui ka keskkonnaparameetrid. Ohtlikest ainetest on embrüote 
väärarengutega seotud metallid, PAHid ning polüklooritud bifenüülid. 
Keskkonnaparameetritest on embrüote väärarengutega positiivselt seotud  kõrged 
temperatuurid ja soolsus, liivased setted ja madal orgaanilise süsiniku kogusisaldus 
setetes. Saadud tulemus on kooskõlas varasemate Läänemere piirkonnas teostatud 
uuringutega, mis omakorda kinnitab indikaatori kasutatavust ja näitab selle 
rakendatavust ka teistes Läänemere basseinides.  

ReproIND indikaatorit saab täiendada ka teiste bioloogiliste mõjude meetoditega 
nagu näiteks ensümaatilised biomarkerid. Läänemere piirkonnas teostatud uuringud 
näitavad, et erinevatel dominantliikidel esineb hooajaline muutlikus ensümaatiliste 
biomarkerite tulemustes. Liivi lahest kogutud M. affinis-e isenditga läbi viidud 
analüüside põhjal näitas kõige madalamat hooajalist varieeruvust 
atsetüülkoliinesteraasi (AChE) aktiivsus samas kui oksüdatiivse stressi biomarkerid 
(glutatiooni S-transferaas, glutatiooni reduktaas, katalaas) näitasid tulemustes 
suuremat hooajalist varieeruvust. Ka teise liigiga (Macoma balthica) samas piirkonnas 
läbi viidud uuringud näitasid sarnast tulemust. Seega võib eeldada, et AChE aktiivsuse 
näitaja sobib kasutamiseks sõltumata hooajast. Kuid kindlasti on vaja selle meetodi 
kasutuselevõtuks veel keskkonnas tehtud mõõtmisi, et kinnitada ensümaatiliste 
biomarkerite vastuste ning ohtlike ainete vahelist seost erinevates 
keskkonnatingimustes. See annab aluse indikaatori edasisele arendamisele ja 
piirväärtuste arvutamisele. 

Järgmiseks sammuks on ReproIND indikaatori M. affinis jaoks arvutatud 
piirväärtuste ülevaatamine HOLAS 4 hindamiseks Soome ja Liivi lahtedes ning 
indikaatori lisamine Eesti ja Läti riiklikesse mereseire programmidesse. Kuna antud 
indikaatorit sobib kasutada ka teiste kirpvähiliste liikide põhjal on vaja arendada 
piirväärtusi ka madalas vees elavate liikide jaoks, et võimaldada rannikuala seisundi 
hindamist. Samuti on oluline jätkata nii HELCOM-i piirkonna kui ka Euroopa tasemel 
koostööd bioloogilise mõjude seire arendamiseks, mis hõlmaks erinevaid bioloogilise 
mõju meetodeid ja täiendaks olemasolevaid ohtlike ainete indikaatoreid. 
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 Kuprijanov, I., Väli, G., Sharov, A., Berezina, N., Liblik, T., Lips, U., Kolesova, N., 
Maanio, J., Junttila, V., Lips, I., 2021. Hazardous substances in the sediments and 
their pathways from potential sources in the eastern Gulf of Finland. Mar. Pollut. 
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>!��)��L'$!�=��>��$��$�������%!&��'�(�!�!�������>!��)�)������'����*�����&�����$!���>��0�!)��7Z&���<�����!&95�+,,4J�B�#&�8�!���B���5�.-+:;9�E$��R<&�����S��&!������'$!)!'��)�G���#0���)��=�>!��)�'�&<*����)!��H'!�����7�9=95�B�#&�8�!���B���5�.-+:;�!����L'��������<�)������7�9=95�"��8Y!�������!&95�.--+;��$!������<)���!'�&��!����$����6�&��*�������>���F�'!&��$0��L�!��6�����!���$��#����*���6�)��*����7�9=95�(���'��'<����!&95�.-+,;9�A<*!�F���<'����<�)��$�'!�����$!��&������!����')�!������$0��L�!�����$��%!&��'�(�!�'�!��!&�G����7 ��&�0����!&95�.-++;9�I<)��=��$��&!�����'!���5��)!���'!&&0��������H���*!)�����)!�H'�!���6�=�)�<����6�&��*���������>�$!)#�<)�!)�!���)!����)*����$��%!&��'�(�!������!�>!��)#��0�>��$�$�=$&0��L�!���������)�!����!&�*!)���*��!'��6��0�7A?B CD5�.-+4#;9�Q**�������&��!�8�)��)!�H'���������0�7A?B CD5�.-+-;��L!'�)#!����!&)�!�0�8��>�����<���)�&!���������&&<�����!���'�!����>��$��$��������!&�������<��)�!&�!�����F*����'�>!���5�!&��=�>��$�!�*���$�)�'�����������������L�'�'�*��<���5�>$�'$�!&&�#�'!*���$��*!�����6�)��*���!&�'��'�)��!��)����������$���!���)��R<&�����S��&!���7"!��6����!&95�.--.J�X0!#'$<8����!&95�.-+:;9�Z&�$�<=$5����������$��&!'8�����!�!������*����)��������A(�����$���!���)��R<&�����S��&!��5��������������!&&0���������$��*������&&<����!)�!������$��%!&��'�(�!�!��)�6�!&���#0�$<*!���)���<)���*!����=�7U�)���������!&95�.-+.;9� �<��)��������$��%!&��'�'�!����)!������!&&0�$!6��!��!)��)�*��N<!&����<!�����)�=!)���=��$���''<))��'�����A(�!���!�����*��������$��)����F�)�#<����5�>$�'$�����<)�����*�))�)�����������)��'�������!����!&�*�����)��=��)�=)!*�9�A�>�6�)5���6�)!&�'�*��<����'!<����)�<#&���)�=!)�&��������$����!�)�=���9�E$��A?B CD�����'!��)��!)��!=)�������#���$��'�*�)�$����6��*�!�<)��������6�)��*���!&�$�!&�$9�E$��'!&'<&!��������'���$�&��)�'�=��G���$����=)������'���!*��!�����#0�$�!60�*��!&��7A!8!����5�+,4-J�O�<)�!���O�<$5�.-.-;5���<)'��5����'!������'���!*��!�����#0���&0'0'&�'�!)�F*!��'�$0�)�'!)#����7"ZA�;�7U$!�)0����!&95�.--,;5��)�����*!����$���!�������$����&&<�!���#0�������=)!�!������)��<'��5�>���&0�!��&������)�E%E�7Ì�G����!&95�.--.J�S�&��8�>�8!����!&95�.-+M;9�C<)�!�*�>!�����!��)�����$���L�����=�=!�������$����<���������)��)��0��<#��!�'��5���'&<��������$��A?B CD� �)��Q���'!��)��&����7�9=95�$�!60�*��!&�5�"ZA�5�E%EJ�A?B CD5�.-+2;5�����$��#����*�����*���������$���!���)��R<&�����S��&!��9�a��$����$���)!*�>�)8�����<)���<�05��$���)�&!��)!&�'�&&�'���������$��A(��!�!����X<���!5�?�����!�!���S��&!������.-+,_.-.-�!���'�*��&!��������!6!�&!#&���&��)��!�!�>�)��'���<'���9�E$���)������')���F#�)��)���<�0�>�&&�'���)�#<�������$��)�&�!#&��!�����*�������A(���������)����*!�)�L�������$���!���)��R<&�����S��&!��9�a�������)����!����$����<)'������"ZA��!����<==�����$����*��)!&��L��������'���!*��!������6���������$��E%E�!�������)*�����$���������!&���=)�������$��)��8��$��$�!60�*��!&��*�=$�����������$����<�0�!)�!�!''�)���=�����$��'!&'<&!��������'��9�B�8�>���5�>��!�*��������*!����$���!�$>!0�����A(�#0�!��&0��=��<*�)�'!&�*���&&��=�����*�G�����)��$��'��������������$����<�0�!)�!9�bcdefghij�klmln[o[pqo�E$������*�����!*�&�����)�'$�*�'!&�!�!&0�������A(�>�)��'�&&�'��������$��X<���!��!���?�����!����))���)�!&�>!��)�����.-+,_.-.-�7S�=9�+;9�Q��!�������5��$���!�!�������A(�*�!�<)�������$��<���)�&!0�)����*!)�������F�*������<)��=��)�6��<��*�����)��=�7��'&<���=��!����!&�*�����)��=;�!���)���!)'$�!'��6����������$��!)�!�$!��#����'�*��&��9�I!�!����A(��������F*�����'�6�)��$��0�!)���)�*�.-+-����.-+:�7�#�!������)�*�?�����!���!F����!&��!�!#!���rU?(?s�!����!�!#!����)�*�E!&E�'$�I��!)�*�������D!)����(0���*�;�!����)�*�.--/����.-+4�7�#�!������)�*��<#&��$�����<)'���!����!�!#!�������X<���!��)���!)'$�������<�����;9�D�����)��=��!�!�'�&&�'����#0�S�����$�?�6�)��*����Q�����<���7A�&���8�5�S��&!��;�>!���L�)!'�����)�*��$��Q ?(��!�!#!���!���'�*�)���������>��*�����)��=���!������6����������.-+:_.-+,�7Q ?(�ICD?��!�!���;9� $�*�'!&��!)!*���)���)�*��$��A?B CD�����'!��)�&����7A?B CD5�.-+4!;�)�&�6!�����)��$������*������6�)��*����>�)����&�'������)��$���!�!�'�&&�'��������.-+,_.-.-9�(<#��!�'���>��$���H�����$)��$�&��6!&<�����)��$��%!&��'�(�!���'&<�����������!&&0�$!)*�<&��)!'��*��!&��7"#5� �;5���)���������)=!��'���&&<�!���7E%E;�!����)��)��0���&&<�!���"ZA�'�*��<���

tl�uvwxyz[{|}�qo�[~l�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



��������		
�����
		���������������

�

�������������� !��"#$�%�&'�()�*���+&�*,�-�����&�.��&�+�*�-����'��*/��0,����*�1���*���+&�*,�&�!2��3��-�*����!2*�0,���0����45�*���+&�*,��&��������+&�*�&6�����71�����+&�*��83�,�93�,��3�,�'&�&&��2!�+�,���0���+:���2!�+�#�-�������!2*�0$�;00+�+&��!!2,������ /�2!�+��-�*����!2*�0����4<�*���+&�*,���+:���2!�+����0�'&�&:���2!�+�����"(�*���+&�*,�-�+!��'���2!�+�=���+&�*�-����0����'+��0����")�*���+&�*�&�!2�6�&'�����>/**+���:����&6�����*�/02�����$�����&�.��&='���!!+��:&!!/����*�-�����..��.���0��*�����*/'�&6�&�.��&�+���&':&/�0*��?�@*#,�����*/'�&6� /�2!�+�*��3�*#��&':�+*�0�&6�83�,�93�,��3����0������ /�2!�+�$�����"<�A;B*����!2*�0�6�&'�*�0+'����*�':!�*��&!!����0����)4�*���+&�*��������&''��0�0��*�:�+&�+�2�:&!!/����*� 2�����C$D$�EA;,�EC�F�����%��'�-&�G�9+����+1���F%9#���0�8��+���D�����.2�%��'�-&�G�9+����+1���8D%9#��BEH@?8,�4I"4#$������  ��1+��+&�*�/*�0�6&������A;B*�����6&!!&-+�.J������:��������;@KE#,������:���2!�����;@KHE#,�������������;K�#,� ��L�M#������������3;;#,� ��L&�M#:2������3;A#,� ��L&�N#O/&=����������33%#,� ��L&�P,Q,R#:��2!�����3SBTA#,� ��L&�U#O/&����������3V%#,����2*�����@B>#,�0+ ��L�MQ#������������93;B;#,�O/&����������%HC#,�O/&������%HE#,�+�0��&�",4,(=WX#:2������T@9A#,���:����!�����K;A#,�:�������������A;#,�:2������AY>#$�������'���!*�@0,�A ,�@/���0�L+����Z�#�-�������!2*�0�6�&'�)<�*�':!+�.�*���+&�*$�%&���!!�����*�':!�*�6�&'�E*�&�+�������+�&�+�!�-����*,�����&�.��+���&��������0�.���/!&'���+�����!2*+*�&6�*�0+'����-����:��6&�'�0$�����!�*���0+66����+&��'���&0��&' +��0�-+���*+�1+�.�-�*��::!+�0�6&������0����'+���+&��&6�����.��+��*+L��&6����� &��&'�*�0+'����*�':!�*$�����:�������.��&6�7��=.��+��0��[<(�\'#���0��&��*���*�0+'����6����+&�*�-�����1�!/���0$��&��!�&�.��+����� &����?@#��&������-�*�0����'+��0����&�0+�.��&�����-���&]+0��+&��'���&0���̂/�+�_*�'���&0#,� 2���.+*���+�.������'&/���&6���� &��0+&]+0����!��*�0��;�+�/*�G+��,�"̀aI#�&�� 2�0�2��&' /*�+&�����$��&�9TK�EK�")̀(<����!2�+��!�*���0��0*$������?@��&������&6�*�0+'����*�':!�*�6�&'�5�*���+&�*��H��+:��,�V&�b--�:"�=�V&�b--�:(,�D+!b:&��",�D+!b:&��(,�D+!b--�:4,�D+!b--�:(#�-�*��&��0����'+��0�0+����!2� /��-�*� ��G=��!�/!���0�6�&'�&�.��+���&������'��*/��'���*�:��6&�'�0�

���&�0+�.��&�����!&**�&��+.�+�+&��'���&0��B�+�+�����!$,�4II"#$�����!������:�&��0/���+*�̂/*�+7�0� 2�1��2�*��&�.��&���!��+&�� ��-�����?@���0�&�.��+���&������6&/�0�+������*�/0+�0�*�0+'���*��>4�cI$̀),���c"a,�:�[I$III"#$�dedefRghXijkUl�@&!!���+&��&6�����*�0+'����*�':!�*�-�*�:��6&�'�0�&� &��0���*������1�**�!*�D�!'���+������E*�&�+���:����&6�����S/!6�&6�%+�!��0#,�8��+����0�DK=�"(I(��+������>/**+���:����&6�����S/!6�&6�%+�!��0#$�@�9���&�0/��+1+�2=���':����/��=0�:��#�:�&7!�*�6&����':����/�����0�*�!+�+�2�0����-����'��*/��0� 2�D3E=(4��D�� +�0#���0�T0�&��/���D$�$!$#,�&�� &��0�>/**+�����0�E*�&�+���1�**�!*,���*:���+1�!2$�m���m������0�EG'��=3+�.���2:�� &��&'�*�':!��*�&����:!�*�+���&���+�����&�!2��������*��!!&-� ���������*#,�-����/*�0��&�*�':!������/::���*�0+'����!�2����In)��'#$�T���00+�+&�,�0��:���*�0+'����!�2��*��/:��&�")��',�-+���)��'�+����1�!#�-�����&!!����0�+������K��1��3�2��*���+&��K#� 2�SE8;o�*�0+'�����&���$�D�0+'����*�':!�*�-�����&!!����0�+������*���]���&�:&��*,�-+��+��:�& � !��*�0+'�������/'/!��+&������*,��!&�.��&/��*�&6����12�'��+������67�,�+������1+�+�+�2�&6�-�*��-����������'����:!���*,����������*�&����0�:��� �!&-�")�'#,���0��!&�.������&�*��!� �����*��+������*��!!&-�-����,�0�:���I$)n"�'#��%+.$�"#$���':����/��,�*�!+�+�2,���0�0+**&!1�0�&]2.����&������-����'��*/��0�+������*��-�����6�&'�*/�6������0�����= &��&'�!�2��*,�-�����:&**+ !�$�F�����*�':!�*�6&���������!2*+*�&6��/��+�����&�=�������+&�*���&��!��+��&.��p:�&*:�&�/*,��+�����*p:�&*:����*#���0�*�0+='����*�':!�*�6&���������!2*+*�&6�*�0+'�������������+*�+�*���$.$,�.���/!&'���+���&':&*+�+&�#�-�����&!!����0����'&*��*�':!+�.�!&���+&�*$�deqerMNjkMsjkt�MuMhtlRl�B�L��0&/*�*/ *�����*�6�&'������&!!����0�*�0+'����*�':!�*�-�������!2*�0�+��S��'��2���0�>/**+��+������!� &���&�+�*������0+��0�6&������

vwxy�zyD�/02���.+&�,�'�:�&6�*�0+'����*�':!+�.�!&���+&�*�0/�+�.�4I"̀n4I4I�7�!0-&�G*,������!�**+7���+&��&6�*�':!+�.�*+��*�+*�:��*����0� 2��&!&/��0�0&�*��FF�A�=�1+�+�+�2�&6�-�*��-����������'����:!���,����/'b�����=�*�0+'�������/'/!��+&������,� �����=�*��!!&-��&�*��!� ���������,�����*�&���=���������������*�&��,�&66*�&��b���67��=������&/���&6����12�'��+������67�,�:&���=��������]���&�:&��{��� !��D)#$�>�0�6��'����&/�0�����S/!6�&6�%+�!��0�&������*'�!!�:���!�&6�����3�!�+��D���+�0+����*������]�����&6�����0&'�+��&6������+.�=��*&!/�+&����*��0�'&0�!�*��/:$�������'�*�&6�����*���+&�*��&���*:&�0+�.��&������/'��+��!�!� �!*�&��'�:����� ��6&/�0�+�������� !��D)$��%&��+����:�����+&��&6�������6������*��&��&!&/��+����+*�7./���!�.��0,��������0���+*���6����0��&�����-� �1��*+&��&6���+*����+�!�$#�

|e�}~�kR�Muj��gs�Mhe�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



��������		
�����
		���������������

�

����������� !���"��#$���%&�'���()*�&$����"�����!$�!���+�� $���,�+������+" ������ �-� ���!� .����!$�/����/���"�0"�����/�!�+$"��+��%1230�45)�$+� ���!� .����!$�/����/���"�0$/� !����" �� $���/�!�+$"��+��%1230�675)8�����!� $��$9��#��$+-��$� ��!$"/$�����,���!$���!�����#+$�-#�-��0!#+$"��$-+�/#��%:2)8�3;<��,�+������+" ������ �-�-���!#+$"�0�$-+�/#�="�����/�!�+$"��+��%:2=45)�$+�# -#0/�+9$+"��!��� >� ��!#+$"��$-+�/#��, �#�?�$+��!��!������!� $��%<3@20AB)8�9$��$, �-�<7@264�-� ��� ���*�&#�����+ �������������,�+��/�+9$+"����!!$+� �-��$��#��+�!$""����� $���"����'��C573;8�1568�����B1D�������+��*�B �0�$�.���$E�-���"����+�"�����,�+��$'�� ����9+$"��#��,���+�!$��"��/+$F��������.�� ������'��/$���� $"��+ !�� �+�� $�*�GHIHJKLK�MNOPQRRSTU�KTV�WSRXKYSZKLSOT�3��+�$�[��!$++���� $��!$�9F! �����, �#���� -� F!��!����.���$9�\]�,�+���//� ����$�����+" ���+���� $��# /��'��,����.�+ $���/�+�"���+���� �-��$9�,�+��̂�%̂�2$+��&��"8�_̀_̀)*�3+ $+��$��#��!$++���� $�������� �8��#��<5�!$�!���+�� $��.������������#����#��� " ��$9�>���� F!�� $��%a@6b)�,�+��+�/��!���'��\̀]�$9��#��@6b� ���#����������8� *�*8�,�� �9�++����#����#��"����+���.���������'��,����c�+$������#��@6b*�;!!$+� �-��$�<7@264�+�!$""����� $��8��#���$+"�� c�� $��$9�;D&�����&d&�!$��������$��#��\]�&62�,����$����$����'����#���/�� ���!$"/�+ �$��9+$"�.�+ $������ "����*�< -#0��"/�+���+��!$"'��� $��/+$!�������+��+��/$�� '���9$+��#���" �� $��$9��#��3;<��, �#�# -#�"$��!���+�,� -#�8�"� ����, �#�9$�+�$+�"$+��+ �-��%e��-������*8�(fffg�5�$- ��� � ������@����8�_̀(\)*�1���#��
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Appendix 2 
Tabel S1. HELCOM threshold values (2024) for contaminants in sediments included to 
the HELCOM indicator list. 

Compound Matrix Threshold value 
Cu (copper) Sediment 30 mg/kg DW (5%TOC) 
Pb (Lead) Sediment 120 mg/kg DW 
Cd Sediment 2.3 mg/kg DW 
TBT Sediment 1.3 µg/kg DW (5%TOC) 
PAHs anthracene Sediment 24 µg/kg DW 
PAHs fluoranthene Sediment 3500 µg/kg DW, 5% TOC 





 

103 

Curriculum vitae 
Personal data 

Name:   Natalja Kolesova 
Date of birth:  24.08.1983 
Place of birth:  Russia 
Citizenship:   Estonian 

Contact data 
E-mail:   natalja.kolesova@taltech.ee 

Education 
2005–2024   Tallinn University of Technology, PhD 
2001–2005  Tallinn University, Marine Biology and Environmental 

Management, BSc (equalized with MSc) 
1991–2001   Kohtla-Järve Tammiku Gymnasium  

Language competence 
     Russian   Native 
     Estonian   Fluent 
     English   Upper-Intermediate 

Professional employment 
2005–present  Tallinn University of Technology, Department of Marine 

Systems, Specialist in Marine Biology (1.0) 

Scientific Work 
Publications according to the Estonian Research Information System classification: 

1.1 
Kolesova, N.; Sildever, S.; Strode, E.; Berezina, N.; Sundelin, B.; Lips, I.; Kuprijanov, I.; 
Buschmann, F.; Gorokhova, E. (2024). Linking contaminant exposure to embryo 
aberrations in sediment-dwelling amphipods: a multi-basin field study in the Baltic Sea. 
Ecological Indicators, 160, #111837. DOI: 10.1016/j.ecolind.2024.111837.  

Strode, Evita; Barda, Ieva; Suhareva, Natalija; Kolesova, Natalja; Turja, Raisa; Lehtonen, 
Kari K. (2023). Influence of Environmental Variables on Biochemical Biomarkers in the 
Amphipod Monoporeia affinis from the Gulf of Riga (Baltic Sea). Water, 15 (2), #248. 
DOI: 10.3390/w15020248. 

Kuprijanov, I.; Väli, G.; Sharov, A.; Berezina, N.; Liblik, T.; Lips, U.; Kolesova, N.; Maanio, 
J.; Junttila, V.; Lips, I. (2021). Hazardous substances in the sediments and their 
pathways from potential sources in the eastern Gulf of Finland. Marine Pollution 
Bulletin, 170, #112642. DOI: 10.1016/j.marpolbul.2021.112642. 

Sildever, Sirje; Laas, Peeter; Kolesova, Natalja; Lips, Inga; Lips, Urmas; Nagai, Satoshi 
(2021). Plankton biodiversity and species co-occurrence based on environmental DNA – 
a multiple marker study. Metabarcoding and Metagenomics, 5, e72371. DOI: 
10.3897/mbmg.5.72371.  

Kholodkevich, S. V.; Kuznetsova, T. V.; Sharov, A. N.; Kurakin, A. S.; Lips, U.; Kolesova, 
N.; Lehtonen, K. K. (2017). Applicability of a bioelectronic cardiac monitoring system for 
the detection of biological effects of pollution in bioindicator species in the Gulf of 
Finland. Journal of Marine Systems, 171, 151−158. DOI: 10.1016/j.jmarsys.2016.12.005. 



 

104 

Kersen, P.; Kotta, J.; Bučas, M.; Kolesova, N.; Deķere, Z. (2011). Epiphytes and 
associated fauna on the brown alga Fucus vesiculosus in the Baltic and the North Seas 
in relation to different abiotic and biotic variables. Marine Ecology, 32, 1, 87−95.  

1.2.  
Kõuts, T.; Sipelgas, L.; Savinitš, N.; Raudsepp, U. (2007). “Enviromental Monitoring of 
Water Quality in Coastal Sea Area Using Remote Sensing and Modeling”. Environmental 
Research Engineering and Management, 8−13.  

2.5 
Rowe,O., Ruiz, M., Wolf, J., Alurralde, G., Blidberg, E., Brockmeyer, B., Munch 
Christensen, A., Fryer, R., Gorokhova, E., Gustafsson, J., Hüttel, T., Mose Jensen, H., 
Josefsson, S., Junttila, V., Kaitaranta, J., Klauson, A., Kolesova, N., Kouloumpos, V., 
Larsen, M. M., Lehtiniemi, M., Murray, C., Naddafi, R., Näslund, J., Pinarbasi, K., Pazdro, 
K., Poikane, R., Raudkivi, M., Rindorf, A., Sanderson, H., Slobodnik, J., Soerensen, A., 
Stæhr, P., Strand, J., Tougaard, J., Vähä, E., Ytreberg, E., Zalewska, T. (2023). HELCOM 
Thematic assessment of hazardous substances, marine litter, underwater noise and 
non-indigenous species 2016-2021. In: Baltic Marine Environment Protection 
Commission. (Baltic Sea Environment Proceedings).  

Kolesova, N.; Väli, G.; Lips, U. (2021). Conditions that influence Good Environmental 
Status (GES) in the Baltic Sea. Baltic Marine Environment Protection Commission – 
Helsinki Commission.  

3.1.  
Kolesova, N., Siimon, K.-L., Raudsepp, U. (2014). Spatial distribution of macrozoobethos 
according to environmental conditions in the Lahepere Bay region. Baltic International 
Symposium (BALTIC), 2014 IEEE/OES, 1−8. DOI: 10.1109/BALTIC.2014.6887884.  

Kolesova, N.; Kõuts, M.; Siimon, K.-L.; Raudsepp, U. (2014). Changes in the morphology 
of Fucus vesiculosus L. and abundance of seaweed associated fauna along the coastal 
sea of Estonia. Baltic International Symposium (BALTIC), 2014 IEEE/OES, 1−12. DOI: 
10.1109/BALTIC.2014.6887832.  

Kolesova, Natalja; Raudsepp, Urmas; Alari, Victor (2010). Dominant zoobenthic species 
in the northwestern coastal sea of Estonia - potential role of abiotic stresses. 4th 
IEES/OES Baltic Symposium, Riga, Latvia, August 25-27, 2010, 1−8. DOI: 
10.1109/BALTIC.2010.5621647.  

3.4.  
Kõuts, T.; Sipelgas, L.; Savinitš, N.; Raudsepp, U. (2006). Environmental Monitoring Of 
Water Quality In Coastal Sea Area Using Remote Sensing And Modeling. Proceedings of 
the US/EU Baltic International Symposium “Integrated Ocean Observation Systems for 
Managing Global & Regional Ecosystems Using Marine Research, Monitoring & 
Technologies”, Klaipeda, May 23-25, 2006, CD: US/EU Baltic International Symposium 
“Integrated Ocean Observation Systems for Managing Global & Regional Ecosystems 
Using Marine Research, Monitoring & Technologies”, Klaipeda, May 23-25, 2006. 
Center of Marine Research, Klaipeda, 1−8. 
 
 
 
 



105 

5.2. 
Kuprijanov, Ivan; Kolesova, Natalja; Lipp, Maarja; Lehtonen, Kari K. (2023). Assessing 
Biological Effects of Contaminants in the Gulf of Finland, Northeastern Baltic Sea, Using 
Sediment Biotests with Amphipods (Monoporeia affinis) and Biomarker Responses in 
Clams (Macoma balthica). Proceedings, 2023, EcoBalt 2023: International Conference 
EcoBalt 2023 “Chemicals & Environment”, Tallinn, Estonia, 09–11 October 2023. MDPI, 
54. (92). DOI: 10.3390/proceedings2023092054.

Kolesova, Natalja; Kask, Andres; Alari, Victor; Raudsepp, Urmas (2011). The role of 
abiotic factors on spatial distribution of dominant zoobenthic species in the 
northwestern coastal sea of Estonia. 8th Baltic Sea Science Congress [BSSC]: 22-26, 
August 2011, St.Petersburg, Russia : Book of Abstract. St. Petersburg: RSHU, 317. 

Kersen, P.; Kotta, J.; Bučas, M.; Kolesova, N.; Deķere, Z. (2009). Macro-epiphytic 
community patterns of Fucus vesiculosus in the Baltic Sea and the North Sea in relation 
to different abiotic and biotic variables. Marine Biology in Time and Space: Abstracts 
from the 44th European Marine Biology Symposium, University of Liverpool, Liverpool. 
196 pp.: 44th EMBS, Liverpool, 7-11 september 2009. Ed. Frid, C.L.J., Green, J.A., 
Paramor, O.A.L., Robinson, L.A. & Watts P.C. Liverpool, 87−87. 



 

106 

Elulookirjeldus 
Isikuandmed 

Nimi:    Natalja Kolesova 
Sünniaeg:   24.08.1983 
Sünnikoht:   Venemaa 
Kodakondsus:  Eesti 

Kontaktandmed 
E-post:   natalja.kolesova@taltech.ee 

Hariduskäik 
2005–2024   Tallinna Tehnikaülikool, PhD 
2001–2005  Tallinna Ülikool, Merebioloogia ja keskkonnajuhtimine, BSc 

(võrdsustatud MSc-ga) 
1991–2001   Kohtla-Järve Tammiku Gümnaasium 

Keelteoskus 
     Russian  Emakeel 
     Estonian   Kõrgtase 
     English   Kõrgem kesktase 

Teenistuskäik 
2005–tänaseni Tallinna Tehnikaülikool, meresüsteemide instituut, 

merebioloogia spetsialist (1.0) 
 

Teadustegevus 
Publikatsioonid Eesti Teadusinfosüsteemi klassifikaatori järgi: 

1.1 
Kolesova, N.; Sildever, S.; Strode, E.; Berezina, N.; Sundelin, B.; Lips, I.; Kuprijanov, I.; 
Buschmann, F.; Gorokhova, E. (2024). Linking contaminant exposure to embryo 
aberrations in sediment-dwelling amphipods: a multi-basin field study in the Baltic Sea. 
Ecological Indicators, 160, #111837. DOI: 10.1016/j.ecolind.2024.111837.  

Kuprijanov, I.; Buhhalko, N.; Eriksson, U.; Sjöberg, V.; Rotander, A.; Kolesova, N.; Lipp, 
M.; Buschmann, F.; Hashmi, A.; Liblik, T.; Lehtonen, K.K. (2024). A case study on 
microlitter and chemical contaminants: Assessing biological effects in the southern 
coast of the Gulf of Finland (Baltic Sea) using the mussel Mytilus trossulus as a 
bioindicator. Marine Environmental Research, 199, #106628. DOI: 
10.1016/j.marenvres.2024.106628. 

Strode, Evita; Barda, Ieva; Suhareva, Natalija; Kolesova, Natalja; Turja, Raisa; Lehtonen, 
Kari K. (2023). Influence of Environmental Variables on Biochemical Biomarkers in the 
Amphipod Monoporeia affinis from the Gulf of Riga (Baltic Sea). Water, 15 (2), #248. 
DOI: 10.3390/w15020248. 

Kuprijanov, I.; Väli, G.; Sharov, A.; Berezina, N.; Liblik, T.; Lips, U.; Kolesova, N.; Maanio, 
J.; Junttila, V.; Lips, I. (2021). Hazardous substances in the sediments and their 
pathways from potential sources in the eastern Gulf of Finland. Marine Pollution 
Bulletin, 170, #112642. DOI: 10.1016/j.marpolbul.2021.112642. 

  



 

107 

Sildever, Sirje; Laas, Peeter; Kolesova, Natalja; Lips, Inga; Lips, Urmas; Nagai, Satoshi 
(2021). Plankton biodiversity and species co-occurrence based on environmental DNA – 
a multiple marker study. Metabarcoding and Metagenomics, 5, e72371. DOI: 
10.3897/mbmg.5.72371.  

Kholodkevich, S. V.; Kuznetsova, T. V.; Sharov, A. N.; Kurakin, A. S.; Lips, U.; Kolesova, 
N.; Lehtonen, K. K. (2017). Applicability of a bioelectronic cardiac monitoring system for 
the detection of biological effects of pollution in bioindicator species in the Gulf of 
Finland. Journal of Marine Systems, 171, 151−158. DOI: 10.1016/j.jmarsys.2016.12.005. 

Kersen, P.; Kotta, J.; Bučas, M.; Kolesova, N.; Deķere, Z. (2011). Epiphytes and 
associated fauna on the brown alga Fucus vesiculosus in the Baltic and the North Seas 
in relation to different abiotic and biotic variables. Marine Ecology, 32, 1, 87−95.  

1.2.  
Kõuts, T.; Sipelgas, L.; Savinitš, N.; Raudsepp, U. (2007). “Enviromental Monitoring of 
Water Quality in Coastal Sea Area Using Remote Sensing and Modeling”. Environmental 
Research Engineering and Management, 8−13.  
 
2.5 
Rowe,O., Ruiz, M., Wolf, J., Alurralde, G., Blidberg, E., Brockmeyer, B., Munch 
Christensen, A., Fryer, R., Gorokhova, E., Gustafsson, J., Hüttel, T., Mose Jensen, H., 
Josefsson, S., Junttila, V., Kaitaranta, J., Klauson, A., Kolesova, N., Kouloumpos, V., 
Larsen, M. M., Lehtiniemi, M., Murray, C., Naddafi, R., Näslund, J., Pinarbasi, K., Pazdro, 
K., Poikane, R., Raudkivi, M., Rindorf, A., Sanderson, H., Slobodnik, J., Soerensen, A., 
Stæhr, P., Strand, J., Tougaard, J., Vähä, E., Ytreberg, E., Zalewska, T. (2023). HELCOM 
Thematic assessment of hazardous substances, marine litter, underwater noise and 
non-indigenous species 2016-2021. In: Baltic Marine Environment Protection 
Commission. (Baltic Sea Environment Proceedings).  

Kolesova, N.; Väli, G.; Lips, U. (2021). Conditions that influence Good Environmental 
Status (GES) in the Baltic Sea. Baltic Marine Environment Protection Commission – 
Helsinki Commission.  

3.1.  
Kolesova, N., Siimon, K.-L., Raudsepp, U. (2014). Spatial distribution of macrozoobethos 
according to environmental conditions in the Lahepere Bay region. Baltic International 
Symposium (BALTIC), 2014 IEEE/OES, 1−8. DOI: 10.1109/BALTIC.2014.6887884.  

Kolesova, N.; Kõuts, M.; Siimon, K.-L.; Raudsepp, U. (2014). Changes in the morphology 
of Fucus vesiculosus L. and abundance of seaweed associated fauna along the coastal 
sea of Estonia. Baltic International Symposium (BALTIC), 2014 IEEE/OES, 1−12. DOI: 
10.1109/BALTIC.2014.6887832.  

Kolesova, Natalja; Raudsepp, Urmas; Alari, Victor (2010). Dominant zoobenthic species 
in the northwestern coastal sea of Estonia - potential role of abiotic stresses. 4th 
IEES/OES Baltic Symposium, Riga, Latvia, August 25-27, 2010, 1−8. DOI: 
10.1109/BALTIC.2010.5621647. 

 
  
 



 

108 

3.4.  
Kõuts, T.; Sipelgas, L.; Savinitš, N.; Raudsepp, U. (2006). Environmental Monitoring Of 
Water Quality In Coastal Sea Area Using Remote Sensing And Modeling. Proceedings of 
the US/EU Baltic International Symposium “Integrated Ocean Observation Systems for 
Managing Global & Regional Ecosystems Using Marine Research, Monitoring & 
Technologies”, Klaipeda, May 23-25, 2006, CD: US/EU Baltic International Symposium 
“Integrated Ocean Observation Systems for Managing Global & Regional Ecosystems 
Using Marine Research, Monitoring & Technologies”, Klaipeda, May 23-25, 2006. 
Center of Marine Research, Klaipeda, 1−8. 
 
5.2.  
Kuprijanov, Ivan; Kolesova, Natalja; Lipp, Maarja; Lehtonen, Kari K. (2023). Assessing 
Biological Effects of Contaminants in the Gulf of Finland, Northeastern Baltic Sea, Using 
Sediment Biotests with Amphipods (Monoporeia affinis) and Biomarker Responses in 
Clams (Macoma balthica). Proceedings, 2023, EcoBalt 2023: International Conference 
EcoBalt 2023 “Chemicals & Environment”, Tallinn, Estonia, 09–11 October 2023. MDPI, 
54. (92). DOI: 10.3390/proceedings2023092054.  

Kolesova, Natalja; Kask, Andres; Alari, Victor; Raudsepp, Urmas (2011). The role of 
abiotic factors on spatial distribution of dominant zoobenthic species in the 
northwestern coastal sea of Estonia. 8th Baltic Sea Science Congress [BSSC]: 22-26, 
August 2011, St.Petersburg, Russia : Book of Abstract. St. Petersburg: RSHU, 317. 

Kersen, P.; Kotta, J.; Bučas, M.; Kolesova, N.; Deķere, Z. (2009). Macro-epiphytic 
community patterns of Fucus vesiculosus in the Baltic Sea and the North Sea in relation 
to different abiotic and biotic variables. Marine Biology in Time and Space: Abstracts 
from the 44th European Marine Biology Symposium, University of Liverpool, Liverpool. 
196 pp.: 44th EMBS, Liverpool, 7-11 september 2009. Ed. Frid, C.L.J., Green, J.A., 
Paramor, O.A.L., Robinson, L.A. & Watts P.C. Liverpool, 87−87. 

 
  
   

 



ISSN 2585-6901 (PDF) 
ISBN 978-9916-80-185-7 (PDF)


	Contents
	List of publications
	Author’s contribution to the publications
	Abbreviations
	1. Introduction
	1.1 Hazardous substances in the marine environment
	1.2 Legislation related to the reduction of the negative impacts of hazardous substances on the Baltic Sea
	1.3 Biological effect indicators
	1.3.1 Biological effect supplementary indicator “ReproIND”

	1.4 Current gaps in knowledge on the distribution of contaminants and application of biological indicators
	1.5 Aims of the study

	2. Material and methods
	2.1 Sampling
	2.2 Chemical and biological analyses
	2.3 Statistical analyses

	3. Results and discussion
	3.1 Contaminants in the Baltic Sea
	3.2 Biological effect indicator: ReproIND
	3.3 Enzymatic biomarkers in amphipods: response to seasonal variation
	3.4 Ongoing work and future perspectives

	Conclusions
	References
	Acknowledgements
	Abstract
	Lühikokkuvõte
	Appendix 1
	Appendix 2
	Curriculum vitae
	Elulookirjeldus
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



